Widespread application of microgrid technology and clean energy in recent years has brought people a challenge of how to eliminate the faults caused by ground harmonic currents for multi-type non-linear loads and cable lines or local distributed power generation systems. As the harmonic components of the ground current are complex, there is no clue to the different types of ground faults and fault locations. In the case that the fault data cannot be processed in advance, this paper proposes a model integrated with the CMAC (Cerebellar Model Articulation Controller) and the constraint conditions to tackle this mess of the ground harmonic current detection and compensation. Here is a network design defined in this way that CMAC is used to detect harmonic current. Next, an example of concrete microgrid earth fault is cited for the network training. Experimental results reveal that the CMAC can effectively analyze and estimate the ground harmonic components.
Introduction
With the development of power electronics technology, the ground fault current has been treated by ground current full compensation system that can fully compensate for ground residual currents, instead of the conventional arc suppression coils. In recent years, microgrid technology and clean energy have been widely applied.
The ground residual current compensation is even more important for multitype non-linear loads and cable lines, or for local distributed power generation systems, especially ground harmonic current compensation. In the past, the detection and compensation of ground harmonics mainly used a measurable zerosequence voltage for FFT analysis, and then directly calculated the residual current components. It is unfeasible for this method in the case when fault data cannot be treated in advance since it requires to limit or filter the training data as a single solution problem when performing specific subharmonic compensation. For this purpose, the CMAC is applied in the detection and compensation of the ground harmonic current (Yang et al., 2001; Xu, 2003) . The cerebellar model articulation controller (CMAC) that simulates the characteristics of the human cerebellum involved in motion control and the neural network structure is a local neural network model based on the table query I/O where the network learning algorithm can change the content of the table to make it enable multi-dimensional nonlinear mapping function from input to output. This model has been proven to be effective for dynamic modeling, control systems, mode recognition, etc. (Zhang et al., 2000; Lin and Chen, 2009; Qin et al., 2004) . The schematic diagrams of human brain neural network and CMAC are shown in Figure 1 . 
Characteristics analysis of ground harmonic current
The first step for the ground current compensation is to compensate for the ground capacitance current by using the conventional arc suppression coil. For the ground harmonic current with complex and diverse components, a single-phase inverter is used for detection and compensation. The purpose of the device harmonic detection is to analyze the harmonic wave type and accurately predict the harmonic parameters. This so called accurate harmonic estimation can improve the device switching characteristics and reduce the EMI to some extent.
A ground current test is conducted on the Xieqiao Coal Mine in Fuyang, Anhui, and a measurement method for single-phase to ground through resistance is used. Test results find:
(1) In the case of high-resistance ground, when the arc suppression coil is out of service, the ground current is purely reactive with a small portion of harmonic components; when the arc suppression coil comes into service, internal damping resistance is not cut off, resulting in the ground current includes active components and the harmonic components are small portion.
(2) In the case of metallic ground, whether the arc suppression coil runs or not, the ground current includes active components and the harmonic components are abundant but ultra harmonics are dominant. The active component is derived from the compensation device for arc suppression coil. The harmonic components result from the existence of system-side and loadside harmonic sources in the system.
It is also found that after a ground fault occurs, the ground current contains harmonic components, and some specific high-frequency harmonics are substantial. As the ground capacitance will cause the harmonic amplitude to increase, the frequency of the harmonic voltage determines the amplitude of the harmonic current at the earth point. The specific ultra-harmonic current component in the ground current is caused by the distortion of the specific ultraharmonic voltage of the grid busbar which suffers from less impact of the lower level loads. In Figure  2 , the 2# main transformer in coal mine is under the overhaul for a while during the test, namely there is no load on the busbar 6kV II, but at this time, the 23th special high-frequency harmonic voltage still changes regularly and is not subjected to the load excursion on the bus 6kV II, which is mainly caused by the background harmonic voltage of the upper-level power supply system. Based on the above analysis, the signal of the ground harmonic current in the case of different faults is decomposed into different frequency bands M by wavelet transform. Take the frequency band energy as the eigenvector of the ground harmonic current, and then normalize the eigenvectors. In the course of extracting the characteristics of ground harmonic current, it is required to properly select the value M. If M is too low, the current characteristics cannot be effectively extracted. If the M is too high, the dimensions of the eigenvector is more, which will impact the extraction and generation rates of compensation current. Besides, the characteristics of the ground harmonic current often exist in some fixed frequency bands, the signals in other frequency bands belong to the noise signal at the time of characteristic extraction of the ground harmonic current. To effectively extract the characteristics of ground harmonic current, the signal should be denoised. See Figure 3 for a zero-sequence network diagram of a single-phase ground system equipped with a ground harmonic current compensation system. Suppose the system has n feed-out lines, where a ground fault occurs on the feed-out line h, and CΣi and gΣi represent the sums of ground capacitances and ground conductance of feed-out line i; u0 is a zero sequence voltage. The earth point current is expressed by the formula (1):
Design of CMAC network The CMAC, as described above, consists of N sensory neurons, H associative neurons and M allergic neurons. Average method is used to determine input quantization types, that is, the number of sensory neurons, subtract the max and the min values for each harmonics under different fault conditions, divide by the quantization level, and obtain the number of sensory neurons, Ni, input by harmonic wave i. Addition can be calculated to obtain the total number of sensory neurons for all harmonic waves that need to be compensated, = ∑ . The number of allergic neurons is equal to the output dimension. The CMAC learning uses gradient descent. In order to eliminate the analysis on redundant harmonic components, the constraint conditions for harmonic components to be chosen are added here, as shown in formula 2, the purpose of this is to obtain the optimal solution for the compensation effect on the premise the computation speed is ensured, and the steepest gradient method is used. Where ik is the harmonic compensation and u0k is zero sequence voltage harmonic component. ∑ ∑ ( = 1)
Specific procedure is given as follows:
(1) Set the structure parameters and correction weight of the CMAC network.
(2) Set the integral step Δt, and then the integral time frame t0+kΔt~t0+(k+1) Δt, where t0+kΔt is the initial time, and the state value is input as the CMAC network.
(3) According to the energy distribution of the harmonic input signal, it is subdivided by frequency bands. The number of harmonics to be compensated is reckoned by the calculated DCside voltage value. The wavelet decomposition of the frequency components of interest is performed, and the conversion results in other channels are reset to zero and then synthesized again into the signals. The energy of each frequency band is extracted as an eigenvector. For specific ultra harmonics, the compensation value in the corresponding segment can be fitted with single learning.
(4) Based on the calculated DC-side voltage amplitude obtained by samples and the initial value of the current in the integral time frame, the compensation value group approximate to one frequency band can be obtained by the synthesis of the functions. This compensation value is calculated in combination with the control target, and the continuous segmentation of each frequency band is finally achieved.
Case analysis
Take the distribution network with a 10kV neutral point grounded via the arc suppression coil and the ground harmonic compensation device as an example. The lengths of the three feed-out lines are respectively 170km, 120km, and 80km; appropriate parameters are the positive sequence resistance 0.17Ω/km, zero sequence resistance 0.23Ω/km, positive sequence inductance 7.6×10-3H/km, zero sequence inductance 34.4×10-3H/km, positive sequence capacitance 6.1×10-3H/km, zero sequence capacitance 3.8× 10-3H/km. The system-side harmonic source uses the multiple voltage sources in series, and the load-side harmonic source is a three-phase bridge rectifier circuit connected with a resistance-inductance load. Take the metallic ground fault as an example, the 3rd feed-out line with harmonic source on the load side is set as a fault line, and the fault point is 0km, 5 km, 10 km, 15 km, 20 km, 25 km, and 30 km away from the busbar. The ground harmonic current compensation device, i.e. the carrier frequency of the inverter is 6.5 kHz, L1 is 9 mH, and C is 20 mF.
As there are few transient components in the zero-sequence current when the fault point is grounded steadily, the harmonic amplitude is mainly vulnerable to the system-side and loadside harmonic sources. It is allowed to analyze it using superposition theorem. In the analysis and treatment of the ground harmonic current, the waveform signal is divided into 7 frequency bands by wavelet transform. Harmonic analysis and treatment are performed for ground fault currents at 7 fault points, respectively, see Table 1 for the normalization treatment of some current characteristic samples. While the output of expected value is that in the case where the fault occurs at any point, the ground current has a value only when f is the power frequency, otherwise, it is zero in other cases. It can be seen that the diagnosis result of the network corresponds to the actual result. The compensated ground current power frequency is close to 25A, and each harmonic value comes close to zero, which shows that the diagnosis has high accuracy and reliability.
Conclusions
Due to the complexity of the ground harmonic current components, the CMAC can solve the solution to the detection and estimation of compensation values on multiple harmonics that cannot establish a specific mathematical model.
First, the characteristics of ground harmonic current are analyzed, and then the CMAC is introduced into the ground harmonic current compensation by a concrete case. The network training results show that the CM AC has a good effect on harmonic estimation.
